Abstract
Introduction

23
Ecosystem services are ecological components directly or indirectly consumed or enjoyed to 24 produce human well-being (Boyd and Banzhaf, 2007) and this concept has become key to linking 25 economic and ecological sciences in support of sustainable environmental management (Fisher et al., 26 2008) . Bioremediation of waste (BW) is an important regulating ecosystem service and can be defined 27 as removal of waste from the environment through storage, burial and recycling (Beaumont et al., 28 2007) . It results in cleaner and less turbid water, a final ecosystem service with positive effects on 29 other services too (MEA, 2005) . For example, BW supports the services of food provision by creating 30 conditions for healthy fisheries and aquaculture products, and recreation and amenity through its 31 contribution to bathing water quality. Also, deeper light penetration due to clearer water allows 32 marine benthic flora to sequester carbon up to a greater depth than in turbid waters (Burkholder and 33 Shumway, 2011; Irving and Connell, 2002) . 34
In the marine environment many animal taxa and guilds are involved in BW. For example, 35 marine microbes occur in all habitats, degrading organic detritus and recycling nutrients (Munn, 36 2004 ). Bioturbators and bioirrigators, such as burrowing shrimps or polychaetes, can draw wastes 37 deep into the sediment leading to removal of wastes by burial (Volkenborn et invertebrates and a key process in BW. Filter feeders actively pump large volumes of water over a 41 filter that collects highly dilute material for feeding (Riisgard and Larsen, 1995) . In this way they 42 improve water quality by removing suspended particles (seston) from the water column (Grizzle et al., 43 2008) . Filter-feeding molluscs are often found in dense populations and can profoundly influence 44 pelagic and benthic processes as well as add to benthic-pelagic coupling, the movement of nutrients 45 between the sediment and overlying water (Ward and Shumway, 2004; Layman et al., 2014) . They 46 transform the filtered material into somatic and reproductive growth, and aid the deposition of 47 particulate matter to the benthos through faeces and pseudofaeces (Ward and Shumway, 2004) . 48
Many filter feeding bivalves are vulnerable to changes in the marine environment particularly 49 a reduction of ocean water pH, known as ocean acidification (Kroeker et al., 2013; Parker et al., 50 2013 ). Ocean acidification is caused by rising atmospheric carbon dioxide (CO 2 ) levels due to 51 anthropogenic activities such as the burning of fossil fuel, cement production and deforestation. 52
Carbon dioxide dissolves into ocean surface waters, reducing atmospheric CO 2 concentrations but at 53 the same time decreasing the pH of ocean surface waters. Since the beginning of global 54 industrialisation the pH of the oceans has decreased by 0.1, equivalent to a 26% increase in acidity 55 (Aze et al., 2014) . All Earth System Models calculated for the IPCC 5 th Synthesis report project a 56 continued global decrease in ocean pH by the end of the 21 st century and beyond (IPCC, 2014) . A 57 reduction of pH also leads to changes in ocean carbonate chemistry, reducing the carbonate ions 58 (CO 3 2-) and lowering the calcium carbonate (CaCO 3 ) saturation of seawater. This leads to reduced 59 availability of CaCO 3 for marine calcifiers (Parker et al., 2013) . These changes to ocean carbonate 60 chemistry and pH have large effects on marine animals which have been the focus of sustained 61 research effort in recent years (Melzner et by 0.5 showed negative effects on survival, calcification, growth, development and abundance for ten 64 taxonomic groups including calcifying and non-calcifying algae and animals (Kroeker et al., 2013) . 65
For fauna, the meta-analysis compared phyla only. Findings for molluscs (drawn mostly from studies 66 assemblages on off-shore structures (Krone et al. 2013 ). M. edulis form an interesting case study 78 because they are such effective filter feeders that they are used to manage eutrophic waters, (Lindahl 79 et al. 2005 ). This shows that they can play a substantial role in the bioremediation of waste (Lindahl et 80 al. 2005 ). As calcifiers, using the carbonate ions from seawater to form protective shells, they are also 81 known to be vulnerable to changes in OA (Kroeker et al., 2013) . Their capacity to continue 82 calcification and maintaining their shells intact under predicted low pH scenarios has been widely 83 studied and reductions in several key physiological functions of M. edulis under OA scenarios have 84 been shown (Kroeker et al., 2013) . M. edulis spat die-off (FAO, 2015) . Such events, coupled with low ocean pH may lead to reduced M. 98 edulis production. This in turn will reduce their capacity to act for bioremediation with further 99 impacts on ecological functioning and wider ecosystem service delivery. 100
To understand the role that M. edulis plays in the delivery of bioremediation of waste it is first 134 necessary to understand how filtration is documented in the literature. The literature provides a range 135 of measures for bivalve filtration but they are not clearly defined or consistently used. While this 136 diversity of filtration parameters in M. edulis is beneficial to understanding their capacity for BW, it 137 also makes it difficult to compare measurements from different studies. Table 1 lists definitions used  138 by different authors as well as units of measurements and it highlights the inconsistencies as concerns 139 definitions and units. 140
The most basic parameter to describe filtration physiology in M. edulis, particularly for application in 141 coastal management measures, is filtration or pumping capacity (from now on filtration capacity). 142
This measures the amount of water going through a filter feeder or through an assemblage of filter 143 feeders in a set amount of time (Lindahl et al., 2005) . One way to measure filtration capacity is to 144 measure the size of the exhalant siphon as this is controlled by the size of the animal and M. edulis 145 can also adjust it by closing their valves when necessary (Møhlenberg and Riisgård, 1978 ; 146
MacDonald et al., 2011; Riisgård et al., 2011) . They reduce the size of the gape when phytoplankton 147 cell concentrations are too high or too low for their optimal feeding ratio (Riisgård et al., 2011) . This 148 measure does not incorporate recirculation of water that has already been taken up by other 149 individuals or themselves. However, it is important to know the volume of water that has been 150 recirculated as it reduces the efficiency of M. edulis to filter large volumes of unfiltered water. 151
Clearance rate, filtration rate, and assimilation efficiency (sometimes called absorption efficiency, 152 from now on assimilation efficiency) are also used to describe filter feeding efficiency and are 153 (Table 1) . 172
Another variable in filter feeding is the assimilation efficiency (AE). For this measure, the definitions 173 are most similar across publications. AE is the percentage of organic matter taken up from the water 174 column and is measured by comparing organic matter in the faeces to the organic matter in the diet 175 (MacDonald et al. 2011). The majority of studies carried out on filtration in M. edulis have been 176 undertaken in laboratories, often using single species of algal cells as food. Therefore they may not be 177 very meaningful in the field, and disagreements between laboratory and field measurements have 178 been found (Hawkins et al., 1996) . 179
Primary influences on filter feeding rates of M. edulis 180
Filtration in M. edulis is influenced by water temperature and water viscosity, the type and the 181 availability of food in the water column, the metabolic rate and the size of the individual mussels 182 (Riisgård et al., 2011) . While temperature affects metabolic rates (Widdows, 1978) , reduced 183 temperature also increases viscosity of the seawater which reduces the rate of ciliary action (Larsen 184 and Riisgård, 2009 diminished scope for growth through loss of feeding opportunity (Widdows et al., 1995) . 193
The role of M. edulis in BW 194
Once seston have been filtered from the water by M. edulis, they assimilate the particles, as described 195 in section 2.1 and 2.2, and hence participate in BW, through three mechanisms (Table 2) consumed by other species including humans (Mebs, 1998) . Thirdly, by aiding export through all the 205 processes that transport wastes out of a system, this includes atmospheric, benthic and lateral export. less dense it may remain in the water column and be available to other species for longer periods of 216 time (Newell, 2004) . Once M. edulis die or are ripped off their support by strong wind and wave 217 action, they fall to the seafloor and, due to hydrodynamic processes, get buried in sediments. This 218 way, contaminants stored in their tissues are also moved to the seafloor and buried. Additionally, they 219 excrete nitrogen in form of NH 4 + (70%), urea (13%) and 5-21% ammino-N via urine. This excreted 220 nitrogen is bioavailable and can lead to renewed phytoplankton and microphytobenthos production 221 (Burkholder and Shumway, 2011; Newell, 2004) . 222
Types of waste that M. edulis bioremediate 223
Waste can be defined as "materials for which there is no immediate use and that may be discharged 224 into the environment" (Hinga et al., 2015) . M. edulis can take up wastes via two pathways: direct 225 absorption of the compound in the water phase through the gills or indirectly through the digestive 226 system when the compounds are solid (Baumard et al., 1999) . The role of M. edulis in the 227 bioremediation of each waste varies depending on the type of waste; hence representative examples of 228 wastes and how M. edulis bioremediates these at current CO 2 levels are discussed in turn here. The 229 processes and how M. edulis deal with each of the waste types are also summarised in Table 2 . 230
Nutrients, phytoplankton and organic matter 231
Phytoplankton and organic matter are primary food sources of M. edulis which they then convert into 232 biomass (Riisgård et al., 2011) . Excess nutrient loading (eutrophication) due to an imbalance in the 233 nitrogen cycle caused by, river run-off from agricultural activities leads to increased growth of 234 phytoplankton and greening of the water column (Riebesell, 1989; Heip, 1995 
Toxic products of phytoplankton 247
M. edulis can readily accumulate lipophilic organic compounds, for example toxins produced by 248 phytoplankton. They are capable of accumulating substantial amounts of some of these toxins because 249 they are not affected by them (Moroño et al., 2001) . They also transform these compounds into less 250 harmful products which they then egest (O'Driscoll et al., 2011). 251
Examples of derivatives of burnt fossil fuel 252
Polycyclic aromatic hydrocarbons (PAHs) are products of fossil fuel and organic matter combustion. 253
They are highly toxic, carcinogenic and mutagenic to marine and terrestrial animals and humans 254 
Metals 262
In a short experiment (24 hours), Brzozowska et al. (2012) measured the uptake of heavy metals (zinc, 263 lead, nickel and chromium) in two size classes of Mytilus sp.. Their results indicated that they can 264 selectively remove heavy metals from seawater, meaning they found less of a reduction of chromium 265
than the other three metals tested. They also showed that smaller individuals are less capable of 266 selectively absorbing metals than larger ones. This indicates that mussels develop the ability to select 267 metals they can take up as an important mechanism to ensure enough trace metals are taken in for 268 their metabolism (Brzozowska et al., 2012) . 269
Microplastics 270
Microplastics (< 1mm) are ubiquitous in the marine environment occurring in the pelagic zone as well 271 as in sediments and marine organisms (Thompson et al., 2004; Cole et al., 2014) . Their impacts on 272 marine ecosystems are still poorly understood but it has been demonstrated that marine invertebrates, 273 including M. edulis can take them up via feeding (Thompson et al., 2004) . In M. edulis, after 274 digestion, these particles are either egested in faeces or remain within the individual. Depending on 275 size, they can cross into the hemolymph, or be stored in the digestive tubules and gut cavity. These 276 authors also showed that exposure to microplastics also increased energy consumption by 25% when 277 compared to those not exposed to microplastic. Microplastics may also transport contaminants into 278 exposed organisms as these accumulate onto the particles (Mato et al., 2001 ). Such contaminants can 279 then be moved through the food chain to higher trophic levels (Van Cauwenberghe et al., 2015) . This 280 means that M. edulis can either remove plastics from the environment or if they egest them, that they 281 will be contained within faeces and therefore more likely to sink to the seafloor where they may be 282 stored long-term. 283
Nanoparticles 284
Nanoparticles are particles of size <100 nm and due to their small size they end up in waterways and 
328
The effects of OA on marine organisms can be studied either by laboratory or field experiments. Due 329 to the variety of ways of expressing pH changes and CO 2 concentration within the studies, different 330 units are cited in this section. The CO 2 concentration in experimental tanks can be measured and 331 displayed in several ways, for example as parts per million (ppm) or measured gas pressure 332 (atm/µatm). Laboratory experiments may both under-and overestimate reactions of species to OA, 333 because of their relatively short duration compared to the longevity of the species studied. They often 334 do not take adaptation and evolutionary mechanisms into account nor biological or other interactions 335 Shell length correlates significantly with pumping rate of M. edulis (Jones et al. 1992) and 367 size of individual organisms depends on their growth rate. Slower growth will therefore lower the 368 capacity to filter feed by reducing biomass at any given point in time. For the purpose of this review 369
we concentrate on two ways in which M. edulis grow: somatic growth which leads to an increase in 370 soft tissue while shell growth is necessary to protect the soft tissues. To allow shell growth, animals 371 must be able to calcify and this is metabolically costly under OA (Garilli et al. 2015) . Previous OA 372 events due to volcanic activity, for example in the Late Permian Extinction, led to smaller body sizes 373 of many molluscan calcifiers, termed the 'Lilliput effect' (Garilli et al. 2015) . Shell growth and 374 calcification are not interchangeable because shell growth occurs when several layers of shell are 375 produced of which some are calcified (Furuhashi et al. 2009 ). Several parameters for shell growth can 376 be measured such as changes in length, mass, shell thickness or it was split into organic and inorganic 377 growth as well as aragonite and calcite growth. Other parameters that are measured in OA 378 experiments, such as calcification, excretion of NH 4 , immune responses or internal pH were excluded 379 from this review as it can be argued that they are not directly related to filtering capacity. 380
In a comprehensive meta-analysis, Kroeker et al. (2013) showed that molluscs (the study summarised 381 results at phylum level) are negatively affected by a reduction in ocean pH of 0.5. They found a mean 382 17% reduction in growth in all mollusc studies they assessed. 383
All studies that measured parameters affected by OA relevant to BW in M. edulis were carried out in 384 the laboratory. They lasted from 20 days to six months (Table 3) . Most studies measured several 385 parameters, but only those relevant to BW are listed in Table 3 . The shortest experiment lasted 20 386 days and the authors used scenarios ranging from pH 8.14 to 7.5 (O'Donnell et al., 2013). They found 387 no significant differences in shell volume growth among the nine treatment levels they used, possibly 388 due to the short time-frame of the experiment. However, byssus thread attachment significantly 389 deteriorated under high OA scenarios. Only one experiment looked at survival, using a pH range from 390 8.1 to 6.7. It lasted for 44 days and found reduced survival at pH 7.1 and reduced shell growth at pH 2010). They also found that shell growth is suppressed from pH 7.14 (4000 μatm). In an experiment 397 lasting 35 days using pH range of 8.01 to 7.19 Thomsen et al. (2013) found no differences in shell 398 growth. However, they found a significant decrease of inorganic shell growth at a pH of 7.7 (1021 399 μatm). Keppel et al. (2015) compared growth under current pH conditions (pH 8.10) to growth in pH 400 7.94. After a 10 week exposure there was no effect on somatic growth while all shell growth 401 parameters increased under lower pH. This could be due to the smaller decrease in pH treatment 402 compared to other studies, but also because the animals were fed at higher than natural rates which 403 may help them invest in shell growth. 404
The longest study on OA effects in M. edulis lasted six months with M. edulis exposed to four levels 405 of pCO 2 (380, 550, 750 and 1000 µatm) (Fitzer et al. 2014 ). Growth was reduced in animals exposed 406 to 750 µatm and above 1000 µatm. This growth was compensated for by increased protein 407 metabolism (Fitzer et al., 2014) . 408
In general, the studies are widely conclusive that OA leading to low pH scenarios will have negative 409 effect on M. edulis in terms of growth and survival. Evidence on the impact of OA on metabolic rate 410 is more scarce. 411
Effect of OA on phytoplankton 412 413
To understand the impact of OA on M. edulis, it is also important to understand how OA will affect 414 their primary food source: phytoplankton. Phytoplankton form the base of the marine food web and 415 are crucial for biogeochemical cycling. Their enormous diversity makes it impossible to study the 416 effects of OA on all species. Yet, their responses to climate change, particularly OA can lead to 417 bottom-up control of the ecosystem (Harvey et al., 2014) . M. edulis feed most effectively on any 418 particles with sizes > 6µm with a filtering capacity of 90%, while the capacity to filter particles < 1µm 419 is reduced to 15% (Canesi et al., 2012) . For example, Bricelj and Kuenstner (1989) found that in a 420 brown tide of the small phytoplankton species Aureococcus anophegefferens (2-3 µm) the CR and FR 421 of M. edulis were reduced due to the small size of the alga. Therefore it is important to understand 422 how phytoplankton communities will change under OA. Some models suggest that OA may lead to a 423 size reduction in phytoplankton, for example during some seasons in the North East Atlantic (Artioli 424 et al., 2014). Additionally, pH changes the character of nutrients in the sea, for example iron, which is 425 expected to lead to changes in phytoplankton species abundances and distribution (Shi et al., 2010) . Mytilus chilensis for 70 days to three levels of pCO 2 (380, 750 and 1200 ppm). They measured 444 clearance rate (CR) and assimilation efficiency (AE) weekly on M. chilensis and found that with time, 445 in the highest pCO 2 treatment, they showed a significant decline in CR. Additionally, AE was 446 significantly higher in the control than the higher CO 2 pressures. In the same study of Mytilus 447 chilensis, Navarro et al. (2013) also calculated production under OA scenarios. In 750 ppm and 1200 448 ppm scenarios a typical Chilenean aquaculture farm with 10 000 ropes will produce 13% and 28% 449 less M. chilensis biomass respectively than under current conditions. They also measured that in the 450 1200 ppm treatment, AE was reduced by 18%. Adding these values together for M. chilensis, a 451 reduction in filtration capacity of 46% (28% reduction in biomass and 18% reduction in absorption 452 efficiency) under the 1200 ppm scenario may occur. Though this is a rather crude method of 453 estimating this reduction (as it does not account for non-linear changes to these estimates) there are no 454 other estimates available in the literature. 
Discussion and conclusion
466
The service of bioremediation of waste is supported by many different ecosystem processes, with M. 467 edulis making an important contribution to these processes. This service is also dependent on the 468 quantity and type of wastes that are present in the marine ecosystem in a particular place. It is not 469 currently feasible to quantify the contribution that M. edulis makes to this service. However, this 470 study shows that they participate in the bioremediation of many different types of organic and 471 inorganic wastes. This study indicates that their capacity to do so may change under a scenario of 472 increased OA. OA is predicted to cause negative changes to M. edulis in terms of their physiology, 473 biomass and their ability to filter feed. 474
Increasing levels of OA have the potential to reduce the bioremediation capacity of M. edulis, which, 475 combined with similar impacts on other filter feeding bivalves (e.g. other mytilud species), could 476 result in increased occurrence of harmful algal blooms, fish kills, hypoxic zones and shellfishery and 477 beach closures. Such a reduction in water quality will have knock-on negative effects on other 478 ecosystem processes and services such as food provision and recreation and tourism. Coastal 479 ecosystems and embayments will be particularly affected because their hydrodynamic forces are 480 reduced, leading to longer residence times of polluted water in such areas (Kemp et al., 2009; 481 Filgueira et al., 2012) . This is of particular importance to human populations because coastal 482 ecosystems provide the majority of marine ecosystem services (Worm et al., 2006) . 483
The potential reduction of BW due to negative effects of OA on M. edulis will also have negative 484
impacts on their use in coastal management. Their effectiveness at removing excess nutrients and feed 485 from aquaculture sites could be considerably diminished. By implication, this could mean that 486 aquaculture farms may need to be kept at smaller scales, particularly where water exchange is reduced 487 such as in coastal bays. There is also a trade-off between the services of food provision and BW 488 (2008) exposed M. edulis to four levels of pH and showed that after 32 days there was a significant 510 reduction of phagocytic activity in the lower pH treatments. M. edulis hemolymph also showed 511 reduced antibacterial action after 90 days of exposure to OA treatments. In this study, however, the 512 authors found that upon exposure to the pathogenic bacterium Vibrio tubiashii, the antibacterial 513 functions of M. edulis hemolymph were restored. This may indicate a physiological trade-off between 514 low pH and bacterial exposure. As such, M. edulis will be vulnerable to multiple stressors in the 515 future, many with the potential to reduce the bioremediation capacity of this key species. 516
Conclusions 517
This study has shown that M. edulis are important contributors to BW due to their capacity to take up 518 different types of wastes. OA is expected to impact the contribution that M. edulis have to the service 519 of BW by depressing the capacity of M. edulis for growth and filtration. This will have knock-on 520 effects for other ecosystem services, such as food provision.. Further research aiming to quantify the 521 BW carried out by M. edulis would be invaluable if the ecosystem service of BW is to be better 522 understood. Additional studies into the effects of OA on the filtering capacity of M. edulis would also 523 facilitate the making of quantitative predictions of the effect of OA on BW. Finally, reducing CO 2 524 emissions and thereby slowing OA and the negative effects on M. edulis are crucial, if society is to 525 continue to rely on M. edulis to contribute to BW. A reduction in CO 2 would not only lead to a 526 reduction in the negative effects of OA but also help to slow the rise of global temperatures and the 527 increasing spread of hypoxia, two additional stressors that are also negatively affecting the provision 528 of marine ecosystem services. 529 
